Abstract-This paper introduces a new light scattering model for surfaces with rough boundaries and absorption. This is an extension to Ragheb-Hancock model. The new model adds an absorption term proportional of the squared cosine of the light incidence angle, and satisfies conservation of energy. To test the accuracy of the model, we have used the CUReT database. The model was compared with alternatives such as the Jensen model, the Oren-Nayar model, and the original Ragheb-Hancock model. The results show that the new model produces the best fits to the data. Interestingly the model is capable of predicting absorption in dominant colored samples, a feature not possible with the original models studied. The absorption parameter of the new model provides is also informative of surface structure and composition, especially for layered dielectric materials.
I. INTRODUCTION
Light scattering models are of strong current interest in surface analysis for computer vision and graphics. The difficulty in predicting how light scatters from surfaces has stimulated the investigation of different modeling approaches for specific types of surface. For light scattering from rough surfaces, there are multiple parameters that contribute to the scattering behavior, and which must be considered. An effective model must consider all the relevant physical surface parameters. Unfortunately some of these can prove difficult to control or impractical to measure. These parameters are often ignored in surface modeling, and this, in turn, limits the effectiveness of the underlying model Light absorption measurements are especially useful for modeling and analyzing the chromatic properties of materials. They also have significant application in the biomedical imaging domain. In this paper we therefore aim to improve on existing light scattering models, and develop a modified version of the Ragheb-Hancock light scattering model for layered rough surface [1] , by adding a wavelength dependant absorption term.
II. OVERVIEW

A. Prior Work
The Bidirectional Reflectance Distribution Function (BDRF) [2] [3] is a general tool for characterizing light reflectance distributions from different surfaces. The function describes the angular distribution of reflected radiance in terms of the corresponding distribution of incident radiance. Most existing models are developments or refinements of the classical Phong model, Torrance-Sparrow model, or the Oren-Nayar model, including terms for specular and diffuse reflectance [3] .
Torrance and Sparrow first introduced a model for specular reflection from rough surfaces [4] [3] . Here roughness is modeled using microscopic concavities which have a V-form and are of equal length, referred to as microfacets The micro facets have random orientations whose distribution is controlled by a number of model parameters. The model allows surfaces of varying degrees of roughness to be simulated. The Torrance-Sparrow model is considered as precursor to more recent scattering models. For instance, Oren and Nayar [5] developed a diffuse reflectance model, based on [4] . It is an improved version of the classic Lambertian interpretation of light scattering from diffuse materials, where each microfacet follow Lamberts law and which can be derived using geometrical optics.
In nature, many dielectric surfaces have a laminar structure, and are composed of translucent and opaque layers, each exhibiting their own roughness. Other models that aim to account for the scattering effects in layered surfaces are: a) the Stam model [6] which critically analyzes the problem of scattering in rough layered surfaces; b) the Matusik et al. [7] model which makes empirical BRDF estimates for both metals and dielectrics; and c) the Ragheb and Hancock [1] model which details light scattering for layered rough dielectric surfaces. However, none of these models have taken light absorption into account.
The parameter of the absorption model is important for accurately reproducing the chromatic properties of materials and also for analyzing material absorption characteristics. It is also important for modeling and analyzing biological materials such as human skin, which not only improves the synthesis of realistic surface appearance but can also be used for the analysis of such surfaces [8] . Donner et al. [9] introduce a layered, heterogeneous spectral reflectance model for human skin which accounts for absorption by introducing infinitesimally thin absorbing layers between the scattering layers. Jensen et al. [10] use the absorption coefficient in their subsurface scattering synthesize model. Both of these models uses an absorption term that is designed according to the domain specific aims of the study in hand. However, the chosen parameters can be intractable to measure directly or to estimate. In this paper, we propose a new unit-less absorption model whose parameters are more easily estimated and which is hence to easier to control.
B. Contribution
The new model presented in this paper is a modification of the Ragheb and Hancock light scattering model for layered dielectrics with rough surface boundaries [1] . Using the wave scattering theory, the model assumes that the diffuse radiance is scattered from bi-layered rough surfaces, consisting of an opaque sub-surface layer below a transparent one. The model is detailed and produces remarkably good agreement with the experimental data studied. However, unlike our improved model, their model does not account for absorption. Hence, the new model introduced here is an extension or the Ragheb and Hancock model with the inclusion of an absorption term which is derived using the conservation energy for light transmission, reflectance, and absorption. This simplifies the analysis of reflectance without over-complicating the model. Moreover, the absorption parameter is unit-less, and provides an alternative representation of light absorption in a dielectric.
III. METHODOLOGY
A. Ragheb and Hancock's Light Scattering Model for Rough Layered Dielectric
The surface scattering geometry of the Ragheb's model [1] was based on Kirchoff theory, as shown in Fig. 1 (a) . The vector S points in the direction of the light source, which means that incident light with radiance L i propagates in the −S direction. The scattered radiance L o is in the direction V , which is the position of the viewer. The light beam is incident on the surface with zenith angle θ i and azimuth angle φ i . Additionally, Beckmann's geometry applies so φ i = π [1] . The light beam is then scattered at zenith angle θ s and azimuth angle φ s .
In the layered surface geometry under study, in Fig. 1 (b) i) light first enters the surface at angle θ i , ii) is then refracted to angle θ i , iii) then undergoes single scattering on the lower surface layer (lower boundary), at angle θ s , and iv) finally exits the surface layer (upper boundary) with zenith and azimuth angles θ s and φ s . Both of the outgoing radiance components (surface and subsurface) are identical. The total outgoing radiance is the linear combination of both components with β as its relative balance control. The notation used is summarized in Table I .
In [1] , two different surface roughness model variants are studied, referred to as i) the Gaussian and ii) the Exponential, which refer to the nature of the correlation function for the surface and subsurface roughness. The scattered surface radiance L sf o (θ i , θ s , φ s , σ/T ) (which we refer to as L sf o ) when the surface correlation function is Gaussian is given by:
and when surface correlation function is Exponential:
where
; and k = 2π/λ. The coefficients K G and K E are both proportional to (σ/T ) 2 and can be normalized. Meanwhile, the subsurface scattered radiance L sb o (θ i , θ s , φ s , σ /T , n) (which we refer to as L sb o ) when the correlation function is Gaussian is given by:
and when the subsurface correlation function is Exponential:
where, the solid angle is:
To model the refraction effects of the layers, we used the Fresnel coefficient:
In equation (7), where light is transmitted from air to dielectric, then r = n and α i = θ i . If, on the other hand, light is transmitted from dielectric to air, then r = 1/n and α i = sin
B. Absorption In the Subsurface Layer
To convey the degree of light absorption in a material, different measurements can be used. One example is the complex refractive index, which was used in Mie Theory to describe the absorption of electromagnetic radiation by spherical particles [11] . However, deriving a light scattering or reflectance model using the parameter can be difficult, resulting from problems either in measuring its value or solving for its imaginary component.
Instead of using a predefined function as the absorption term (e.g. complex refractive index), our new model derives the absorption term from first principles using the principle of conservation of energy during light transfer. In Ragheb and Hancock's model, the reflectance is governed by the Fresnel co-efficient and the conservation energy was assumed to be satisfied provided the normalisation 1 = R+T held. However, for the new model, the conservation energy is expressed via the different normalisation:
here, R, T and A represent the total reflectance, transmission and absorption respectively. Rearranging equation (9), we can get
In the new model, light is assumed to scatter only once, therefore, the total transmission and absorption is a combination of light when transmitted from air to the material (see T 1 and A 1 in Fig. 1 (c) ) and of light when transmitted from the material to air (see T 2 and A 2 in Fig. 1 (c) ). Fig. 1 (c) shown the model depiction of light transmission and absorption in the layered material.
The total amount of absorbed light A is assumed to be proportional to the cosine squared of the incident angle θ i .
The cosine squared represent how much the incident light, at certain angles, could enter the surface without resistance (e.g. reflected by the surface roughness). Using this assumption, the penetration is greatest (100%) when the incident light is normal to the surface and smallest (0%) when the incident light is perpendicular to the surface normal. Meanwhile, the absorption strength of the model is not controlled by the distance the light travel in the material, but instead is assumed to be instantaneous and controlled using the fractional absorption parameter a. Using these assumptions, the absorption terms are then defined as:
and
Equation 10 is used when incident light is transmitted from air to the material. On the other hand, Equation 11 is used when the incident light is transmitted from the material to air. Substituting (10) and (11) into (3) and (4), the subsurface scattering component now becomes:
where,
By conservation of energy, a change in the absorption will cause a change in the transmission. Fig. 2 shows how the different values of a affect the behavior of both the transmission and the absorption as the incident angle varies (for a medium with n = 1.7). 
IV. EXPERIMENTAL SETUP AND RESULTS
To test our model, we use the CUReT database [12] . Here we excluded the BRDF measurements that occur in the specular direction, and which total 198 non-specular measurements. In total 13 different material samples were selected for the experiment. The test was performed on the colour channels of the different samples (RGB), giving a total of 39 sample BRDF's. Before the fitting, the tabulated
We experimented with fitting four different models to the the CUReT data, namely a) the proposed model with an Exponential correlation function, b) the proposed model with Gaussian correlation function, c) the Jensen model and d) the Oren-Nayar model. The different models are used to explore how the absorption parameter affects the overall quality of fit.
A. Model Fitting
The normalized predicted radiance of the models is fitted to the normalized measured radiance data from the CUReT data-base. This is done by varying the model parameters to find their smallest value of the root-mean-square fitting error ∆ RM S using [12] , the parameter values were chosen based on the tabulated data given, but using only the diffuse component. The results are shown as plots of normalized measured data versus the normalized radiance predicted by the different models. The fitting and parameter estimation results are shown in Table II -IV. Fig. 4 and 5 show some sample fitting for the Exponential and Gaussian variants respectively.
B. Model Rendering
To illustrate the capability of the new model, we rendered it on a small section of a subject's face. The rendering was done on a diffuse surface normal, estimated using the technique proposed by Ma et al. [13] . Fig.3 
V. DISCUSSION
From the best-fit models and their associated parameters, there are several conclusions that can be drawn 1) When the absorption fraction a in the modified absorption model is zero, the model is equivalent to RaghebHancock model. 2) The modified absorption model gave the best-fit overall.
The Jensen model overestimated the radiance data while the Oren-Nayar model underestimated it. 3) A total of 7 samples gave the best fit when the absorption was zero. However, a total of 6 chromatic samples gave better results using the proposed absorption model; these samples were Rug-B (red), velvet (red), Quarry tile (pale red), Brown bread, Orange peel and Moss (green). This shows that the proposed model accounts well for chromatics effects in colored samples. 4) For samples that are dominated by one colour, e.g. Rug-B -red, the parameters σ/T and β are larger and the parameter a is smaller in the dominant color channel. 5) The velvet sample gives the poorest fit of all the samples for both the modified Exponent and Gaussian models. This is probably due to measurement noise. Nevertheless, the proposed model still gave the best fit compared to the alternative models. 6) The new model variant with an exponential correlation function gives the best overall fit for all 13 samples on all color channels, followed by the new model variant with a Gaussian correlation function. In comparison to the Ragheb-Hancock model, the new absorption model provides improvements in the quality of fit while allowing us to estimate the absorption fraction a, thus providing information concerning the absorption characteristics of the incident light.
VI. CONCLUSION
In this paper, we have introduced a new light scattering model for layered rough surfaces with absorption. For the CUReT database, we demonstrate that the method offers improvements over a number of alternative light scattering models including the Ragheb-Hancock model, which is an absorption-free version of the new method. The new method handles wavelength dependant chromatic absorption effects, which are beyond the scope of the Ragheb-Hancock model. The new model extends the Ragheb-Hancock model not only for the purposes of analyzing subsurface roughness, but also for analyzing the absorption characteristics of surfaces. This is a significant advantage when studying biological materials such as the skin and plant leaf. In the future, further experiments will be conducted on both highly chromatic and biological materials. 
